. Evaluation of terrestrial carbon cycle models through simulations of the seasonal cycle of atmospheric CO2: first results of a model intercomparison study, Global Biogeochemical Cycles The Simple Diagnostic Biosphere Model (SDBM1), which is tuned to the atmospheric CO 2 concentration at five monitoring stations in the northern hemisphere, successfully reproduced the seasonal signal of CO 2 at the other monitoring stations. The SDBM1 simulations confirm that the north-south gradient in the amplitude of the atmospheric CO 2 signal results from the greater northern hemisphere land area and the more pronounced seasonality of radiation and temperature in higher latitudes. In southern latitudes, ocean-atmosphere gas exchange plays an important role in determining the seasonal signal of CO 2. Most of the five prognostic models (i.e., models driven by climatic inputs) included in the intercomparison predict in the northern hemisphere a reasonably accurate seasonal cycle in terms of amplitude and, to some extent, also with respect to phase. In the tropics, however, the prognostic models generally tend to overpredict the net seasonal exchanges and stronger seasonal cycles than indicated by the diagnostic model and by observations. The differences from the observed seasonal signal of CO 2 may be caused by shortcomings in the phenology algorithms of the prognostic models or by not properly considering the effects of land use and vegetation fires on CO 2 fluxes between the atmosphere and terrestrial biosphere.
Introduction
The terrestrial biosphere takes up an amount of CO 2 equivalent to about one sixth of the total atmospheric inventory every year [see, e.g., $chimel, 1995] . This carbon flux into the biosphere represents gross primary production (GPP), that is, carbon fixed in photosynthesis (and not rapidly released in photorespiration) by terrestrial plants. About half of GPP is returned to the atmosphere as plant (autotrophic) respiration. The remainder represents net primary production (NPP), that is, carbon that accrues to the growth of plants.
In the absence of disturbance and major climatic fluctuations, annual net primary production (NPPyear) is believed to be almost in balance with annual heterotrophic respiration (R H year) by soil microorganisms, so that annual net ecosystem prod•iction (NEPear), which represents the net exchange between the terrestrial iosphere and the atmosphere (NEP = NPP -RH), is relatively small. However, the rates of photosynthesis and detritus/soil organic matter decomposition are under the control of different envi-ronmental factors that are not synchronized during the seasonal cycle. On a weekly or monthly basis, NEP can therefore fluctuate over a large range of positive or negative values. Positive NEP (i.e., NPP > RH) indicates a terrestrial sink for atmospheric CO 2, whereas negative NEP (i.e., NPP < RH) indicates a terrestrial source for atmospheric CO 2. This seasonal fluctuation of NEP is primarily responsible for the observed seasonal variations in atmospheric CO 2 content, especially at high northern latitudes where these variations have the greatest amplitude [Fung et al., 1983 ]. The role played by land-atmosphere fluxes in causing these seasonal variations is graphically demonstrated by "flying carpet" diagrams that show the contrast in magnitude and a 180 ø phase difference between the cycles in the northern and southern hemispheres and phase plots that show annually repeated hysteresis patterns in the relation between satellite-derived "greenness" (as normalized-difference vegetation index (NDVI)) and detrended atmospheric CO 2 concentrations in the northern and tropical latitude bands [Fung et al., 1987] .
Recognition of the terrestrial biosphere's key role in the global carbon cycle has prompted the development of several models to quantify the metabolism of terrestrial ecosystems at a global scale. Such models are of two main types: diagnostic models, which use weekly to monthly remote sensing data such as composites of the normalized-difference vegetation index (NDVI) as input, and prognostic models, which use only environmental (climate and soil) data as input. The first diagnostic terrestrial biosphere (or biogeochemical) models (TBMs) expressed NPP as a simple function of incident photosynthetically active radiation (PAR) and NDVI [Fung et al., 1987; Heimann and Keeling, 1989 ]. More recent models take into account more mechanistic aspects of primary production, including the constraints on the light use efficiency of evergreen vegetation imposed by low temperatures and drought [Potter et al., 1993; Ruimy et al., 1994] . The first prognostic models expressed NPP as an empirical function of annual characteristics of climate (e.g., temperature, precipitation, and evapotranspiration [Lieth, 1975] ); again, more recent models include more mechanistic representations of processes including explicit simulation of vegetation foliage cover and phenology as responses to the environment. Thus the two types of models are converging, and some current models can be run in either diagnostic or prognostic mode according to whether the seasonal variations in foliage cover are predicted or prescribed.
Global [Lurin et al., 1994] )). The existence of such differences indicates a need for evaluation to discriminate among different formulations. However, so far, relatively little effort has been put into evaluating the performance of TBMs. Field-based NPP measurements represent a minimal benchmark. However, they are imprecise, and being related to specific points in space and time, they reflect strongly the local weather and soil characteristics at the time of measurement. Thus they do not directly test the largescale aggregated flux computations that are more important for the model's applications to the global carbon cycle.
An alternative approach is provided by the available time series of CO 2 measurements in the remote atmosphere, which offer an appropriately large spatial scale for evaluating the aggregated carbon fluxes simulated by TBMs. The CO 2 measurement data give a clear picture of the seasonal cycles, latitudinal gradients, interannual variability, and (increasingly) stable isotope composition of atmospheric CO 2 [Keeling et al., , 1995 Conway et al., 1994a] , all of which are in principle predictable by TBMs. However, such comparisons are complicated by the need to specify in addition fossil fuel emissions and to model not only the terrestrial biosphere-atmosphere carbon exchanges but also the corresponding ocean-atmosphere exchanges and the three-dimensional transport of CO 2 by winds from the atmospheric and oceanic exchange sites to the remote measurement sites. A rigorous evaluation thus requires that the TBMs are linked to accurate representations of fossil fuel CO 2 emissions, ocean-atmosphere seasonal CO 2 fluxes, and atmospheric tracer transport . Despite the fact that neither of these additional factors is known at present to sufficient accuracy, the approach, nevertheless, provides a consistent framework within which to assess some aspects of largescale carbon fluxes as simulated by TBMs. . HAMOCC3 describes the cycling of oceanic carbon in its three inorganic forms on a three-dimensional grid with a horizontal resolution of approximately 3.5 ø and 12 layers in the vertical dimension. The marine biosphere is described in the model by two organic carbon pools which represent phytoplankton and zooplankton. Gas exchange at the surface is computed in the model by the air-sea difference in partial pressure of CO 2 (pCO 2) multiplied by a wind speed and temperature dependent gas exchange formulation according to Liss and Merlivat [1986] , scaled to satisfy the constraint imposed by the global bomb radiocarbon balance [Heirnann and Monfray, 1989] .
This paper focuses on mean seasonal cycles of atmospheric CO
In this study we employed monthly net sea-to-air fluxes of CO 2 as calculated by a steady state run of HAMOCC3 with a prescribed, constant atmospheric CO 2 concentration. The model computed pCO 2 fields, which are the major driving force for the seasonal air-sea exchange flux of CO 2, show a fair agreement with observational time series and regional survey data [Kurz, 1993] . Furthermore, an alternative validation based on the seasonal cycle of oxygen in the atmosphere also confirms that the model-calculated effects of the marine biosphere on the ocean carbon system are reasonably well simulated, at least in the southern hemisphere [Kurz, 1993; Six and Maier-Reimer, 1996 ].
Atmospheric Transport Model
The three-dimensional atmospheric transport model used in this study is the TM2 model [Heimann, 1995] There exist quite a few approaches to model atmospheric transport, and a recent intercomparison among global transport models [Law et al., 1996 ] revealed substantial differences in the concentration fields computed from the same prescribed surface sources by different transport models. The TM2 model in many respects performed close to the "typical" coarse-grid transport model [Law et al., 1996] . Clearly, an assessment of the sensitivity of the present results with respect to atmospheric transport, for example, by making use of different transport models, would be worthwhile but is beyond the scope of the present paper. For the simulation experiments described below, each source was prescribed as a seasonally varying surface flux and the transport models was run for 4 years until the modeled atmospheric CO 2 concentration reached an approximatly cyclo-stationary state. The results of the fourth year were used in the subsequent analysis. 
Terrestrial Biosphere Models
where GPPma x is the potential or "maximum possible" GPP, fl(CO2, The litter decomposition flux is proportional to the size of the litter pool. The value of the coefficient depends on the composition of the litter material and on climate. While decomposition increases exponentially with air temperature, the dependence on precipitation is a skewed maximum function with an initial steep decomposition increase with increasing precipitation followed by a slower decrease in decomposition at high precipitation rates. The maximum decomposition rate is also dependent on temperature:
higher temperatures shift the maximum decomposition to higher precipitation rates.
The primary factors that control seasonal CO 2 exchanges be- In all biomes a low continuous leaf mortality is in effect at all times, mimicking herbivore consumption and decay of photosynthetic potential throughout the growing season. Beyond this base mortality rate, leaf and fine root shedding in tropical biomes follows the production conditions; that is, if AET/PET > 0.4 and the current LAI is higher than the optimal LAI estimated for the time step, a fraction of the excess herbaceous biomass is shed. If AET/ PET<0.4, then all herbaceous biomass is shed within 2 weeks. In temperature biomes, shedding of herbaceous biomass is initiated when daily minimum temperature drops below 0øC and it is assumed to last 1 month. Woody litter production proceeds with a fixed rate throughout the whole year.
Finally, litter decomposition rates are modeled by empirical functions depending on temperature and precipitation as in previous versions of the HRBM [Esser, 1991 ] ; heterotrophic respiration is the product of the rates and current pool sizes.
In summary, SILVAN features a fully climate-driven phenology using simple empirical functions which are based on results from field experiments. Note that in SILVAN phenology and allocation are not only crucial for production but also for heterotrophic respiration, as they determine timing and amount of litter production.
Terrestrial Ecosystem Model (TEM). The Terrestrial
Ecosystem Model (TEM) is described in detail by Reich et el.
[ 1991 ], McGuire et el. [ 1992, 1993, 1995, 1997 The TEM is a process-based ecosystem simulation model that uses spatially explicit data on climate, soil texture, vegetation, and water availability to make monthly estimates of important carbon and nitrogen fluxes and pool sizes. The TEM is a highly aggregated model in which terrestrial ecosystems are represented by one veg- The seasonality of carbon exchange between the terrestrial biosphere and the atmosphere is influenced by differences in the seasonality of NPP and R H. In TEM, NPP is calculated as the difference between GPP and plant respiration. A number of factors influence the seasonality of GPP, which is calculated monthly as follows GPP --GPPma x LEAF f7(PAR) f8(T) f9(CO2, H20) flo(NA) (10) where GPPma x is the maximum rate of C assimilation, PAR is pho- Table 3 .
Comparisons to CO 2 Monitoring Stations: The Simple Diagnostic Biosphere Model
The Simple Diagnostic Biosphere Model (SDBM1) is a diagnostic tool that was designed to help examine temporal patterns of Table 2 ). Not surprisingly, the agreement between the SDBM1 simulations and the observed seasonal signals is good at most stations: the median NMSD among the 27 stations is 1.7 and the range of NMSD is between 0.3 and 8.4 (Table 3) The control of the terrestrial biosphere on the seasonal signal of stations in the tropics diminishes from north to south (Plate 1). At Cape Kumukahi, which is located in the northern tropics, the seasonal signal of CO 2 is controlled almost entirely by exchange be- For northern regions of the terrestrial biosphere, the SDBM1 indicates that NEP is highly seasonal (Plate 3a). All of the five prognostic models also indicate that northern regions are highly seasonal, but the magnitude and timing of CO 2 uptake and release by the terrestrial biosphere differs among the models. The maximum uptake of CO 2 in the northern terrestrial biosphere estimated by FBM, HRBM, and TEM is similar to the maximum uptake estimated by the SDBM1, but the timing of maximum uptake tends to be earlier, and the growing season appears to be shorter in comparison to the SDBM1. The release of CO 2 to the atmosphere esti- the seasonal amplitude and, in general, predict early drawdown and recovery. However, the general phasing of the northern hemisphere CO 2 concentration with a minimum in late summer and a maximum in spring is captured by all models. One hypothesis to explain the underestimation of the seasonal amplitude is that all the models predict in high latitudes a too strong seasonality of heterotrophic respiration, which, in these regions, is controlled primarily by the annual cycle of temperature. This defect might be due to the fact that the TBMs implement base metabolic rates of soil decomposition that have no temperature dependence. Emerging data indicate that the base metabolic rate of decomposition above 10øC is much higher than below 10øC (J. M. Melillo, unpublished data 1996; K. J. Nadelhoffer, unpublished data, 1996), that is, there appears to be a threshold temperature for base metabolic rates.
The consistently underestimated seasonal amplitude generated by B IOME2 throughout the entire northern hemisphere stations is attributed in part to a too strong seasonality in heterotrophic respiration which is generated from the Howard and Howard [1993] formulation and which hence cancels a too large fraction of the sea- Carbon Cycle Model Linkage Project, which is using comprehensive models including terrestrial, oceanic, and atmospheric components to analyze the dynamics of the global carbon cycle during the historical (fossil fuel) and contemporary periods and to examine the response of the carbon cycle to different scenarios of future emissions. In the present analysis, interannual variability and secular trends were factored out so as to test the ability of current TBMs to simulate one specific aspect of the contemporary carbon cycle, that is, the seasonal cycle of CO 2 concentrations in the atmosphere. Simulations with the prognostic TBMs successfully reproduced aspects of the seasonal signal of atmospheric CO 2 which could not be anticipated because these models were not calibrated to the atmospheric CO 2 signal. We consider this demonstration essential to establish the usefulness of TBMs for subsequent analyses in which we will relax the assumption of equilibrium in the terrestrial carbon balance and take into account the physiological effects of CO 2 increase, climate variability, and climate change.
